Abstract. El Salvador is the smallest and most densely populated country in Central America; its coast has an approximate length of 320 km, 29 municipalities and more than 700 000 inhabitants. In El Salvador there were 15 recorded tsunamis between 1859 and 2012, 3 of them causing damages and resulting in hundreds of victims. Hazard assessment is commonly based on propagation numerical models for earthquake-generated tsunamis and can be approached through both probabilistic and deterministic methods. A deterministic approximation has been applied in this study as it provides essential information for coastal planning and management. The objective of the research was twofold: on the one hand the characterization of the threat over the entire coast of El Salvador, and on the other the computation of flooding maps for the three main localities of the Salvadorian coast. For the latter we developed high-resolution flooding models. For the former, due to the extension of the coastal area, we computed maximum elevation maps, and from the elevation in the near shore we computed an estimation of the run-up and the flooded area using empirical relations. We have considered local sources located in the Middle America Trench, characterized seismotectonically, and distant sources in the rest of Pacific Basin, using historical and recent earthquakes and tsunamis. We used a hybrid finite differencesfinite volumes numerical model in this work, based on the linear and non-linear shallow water equations, to simulate a total of 24 earthquake-generated tsunami scenarios. Our results show that at the western Salvadorian coast, run-up values higher than 5 m are common, while in the eastern area, approximately from La Libertad to the Gulf of Fonseca, the run-up values are lower. The more exposed areas to flooding are the lowlands in the Lempa River delta and the Barra de Santiago Western Plains. The results of the empirical approximation used for the whole country are similar to the results obtained with the high-resolution numerical modelling, being a good and fast approximation to obtain preliminary tsunami hazard estimations. In Acajutla and La Libertad, both important tourism centres being actively developed, flooding depths between 2 and 4 m are frequent, accompanied with high and very high person instability hazard. Inside the Gulf of Fonseca the impact of the waves is almost negligible.
Introduction
Tsunamis are a relatively infrequent phenomena representing a greater threat than earthquakes, hurricanes and tornadoes, and causing the loss of more than 420 000 human lives since 1850 as well as extensive damage to coastal infrastructure around the world. Advances in the understanding and forecasting of tsunami impacts allow for the development of adaptation and mitigation strategies to reduce risk at coastal areas.
El Salvador is the smallest and most densely populated country in Central America. Its area covers 21 393 km 2 , and its population is ca. 5 580 000 inhabitants (DIGESTYC, 2007) . The coast of El Salvador has approximately a length of 320 km, with 29 municipalities along its shore and inhabited by more than 700 000 people. The country is located in an area with high seismic activity, where earthquakes, landslides and mudslides are considered major natural hazards.
In El Salvador there were 15 recorded tsunamis between 1859 and 2012, 3 of which causing damages. On 26 February 1902 an earthquake offshore Guatemala and El Salvador generated a tsunami which flooded the coast along Ahuachapán and La Paz, causing the deaths of 185 inhabitants. On 10 March 1957 a tsunami reached the coast of Acajutla due to the M W = 8.1 Alaska earthquake. The tsunami caused damage in the port of Acajutla, which was under construction at that time, causing the loss of lives (Fernández, 2002) . The most recent was on 27 August 2012: a M W = 7.3 earthquake generated a small tsunami that affected the area of the peninsula of San Juan Del Gozo, in the Jiquilisco Bay, causing damage to some infrastructure and injuries to several people who were working at that moment in the turtle hatcheries located near the beach.
Hazard assessment is commonly based on propagation numerical models for earthquake-generated tsunamis. This models are developed through the characterization of the tsunamigenic seismic sources (faults) and the numerical modelling of the tsunami wave propagation and, if needed, flooding. Tsunami hazard assessment can be approached by both probabilistic (PTHA, Probabilistic Tsunami Hazard Assessment) and deterministic methods. When PTHA is performed, it is often considered as an extension of probabilistic seismic hazard assessment (PSHA) (Annaka et al., 2007; Burbidge et al., 2008; González et al., 2009; Grezio et al., 2010; Sørensen et al., 2012; Power et al., 2012) , obtaining seismic return periods for potential tsunamigenic earthquakes and incorporating the aleatory uncertainties on the fault and tidal level parameters.
Deterministic analyses are based on worst-case scenarios, where the maximum potential tsunamigenic earthquakes are simulated. In addition, aggregated analysis combining the results obtained for a number of worst-case scenarios of tsunamis in an area can be done. A deterministic approximation has been applied in this study. This approximation provides essential information for coastal planning, engineering and management in terms of security concerns (Tinti and Armigliato, 2003) .
We have developed simulations of historical and potential tsunamis, including distant, intermediate and near sources. Twenty-four scenarios of different seismic sources have been generated. The result is a catalogue of hazard maps including maximum wave elevation, maximum water depth, maximum current speed, minimum tsunami arrival time and maximum flooding level. For the whole coast of El Salvador we obtained the maximum water elevation, minimum arrival time and an estimation of the run-up level and distance. At three relevant locations of the coast we developed detailed flooding models: La Libertad, the Gulf of Fonseca -La Unión, and the western coastal plain -Acajutla. At these locations, in addition to the aforementioned maps, we obtained maps of human instability hazard, which can be defined as the hazard of drowning due to loss of stability due to the flooding depth and/or the current speed of the incoming tsunami. We used the product of both variables (Jonkman et al., 2008) and classify the results in levels following a green-yellow-red coloring scheme.
Seismic sources
From the point of view of tsunami hazard studies, tsunamigenic sources are usually classified according to their distance (temporal or spatial) with respect to the study area. The classification is simple, with near-field (or local) and farfield (or distant) sources, and occasionally in between. There is no consensus to define the boundary between the different types, although commonly used values range from 30 to 60 min of tsunami travel time as the temporal limit for separation between nearby and distant sources. Occasionally a simpler distance limit can be used, for example using from 1000 to 2000 km as the limit between near field and far field. This limit is a qualitative consideration beyond which the sources are considered as distant, and therefore the tsunami travel time from the source to the coast is enough to carry out evacuation plans.
For the Pacific coast of Central America we have chosen to classify the sources as distant and local because the way to approach their study and the impact of the tsunamis generated differ fundamentally. We have considered local sources as those located in the Middle America Trench from the Gulf of Tehuantepec to the Nicoya peninsula. These sources have been characterized by a detailed seismotectonic and geological study, taking also the 1992 Nicaragua earthquake and tsunami as a characteristic example of the type of subduction thrust fault event that can be generated in this area. Distant sources are the other sources in the Pacific Basin; to model these types of sources we used historical and recent earthquakes and tsunamis.
Distant sources
We use data from the literature on seismic sources of recent and historical destructive tsunamigenic events in the Pacific Basin. The source ruptures were characterized from inversions of geophysical and/or geodetical data (Barrientos and Ward, 1990; Hayes, 2009 Hayes, , 2011 , from observations of tsunami waves (Johnson and Satake, 1999) or from both (Ichinose et al., 2007) . There are two particular sources that could be considered intermediate because of their proximity to El Salvador but whose features have been defined based on Álvarez-Gómez et al. (2012) , and the Nicaragua 1992 rupture area is taken from Piatanesi et al. (1996) ; see text for further details on the rest of subduction interface ruptures. CT, Chiapas Thrust; GT, Guatemala Thrust; EST, El Salvador Thrust. historical events. These cases are the Mexico earthquake of 1787 and the Colombia earthquake of 1906. For both cases the characterization of the sources has been made from historical observations (Stewart et al., 1981; Kanamori and McNally, 1982; Suárez and Albini, 2009 ). In Table 1 the rupture parameters for single rectangular sources of these intermediate events are shown.
In Fig. 1a , the far-field sources are shown. We attempted to incorporate the different types of large earthquakes that could take place in the Pacific Basin. In the area of Japan-Kamchatka we used the events of 1952 in Kamchatka, with an estimated magnitude of 9.0, and the M W = 9.0 Tohoku-Oki 2011 earthquake and tsunami. For the Kamchatka event we used the slip distribution of Johnson and Satake (1999) , while for the Tohoku-Oki event we used the Hayes (2011) slip distribution. For the Alaska area event we used the 1964 M W = 9.2 with the rupture model of Ichinose et al. (2007) . In South America we have used the events of M W = 9.5 Chile 1960 (Barrientos and Ward, 1990) and 2010 M W = 8.8 . To cover the possible events coming from Oceania, in front of the coast of Central America, we modelled the M W = 8.1 Samoa-Tonga event of 2009 with the slip model of Hayes (2009) . All these events have been modelled as complex ruptures from the finite-fault models published (Table 2 ).
Local sources
When defining local sources we cannot use only past events, due to the absence of a sufficient number of instrumental records. We need to study the seismotectonic characteristics of the area to characterize the local sources.
The main local tsunamigenic seismic sources in the area are related with the subduction of the Cocos Plate under the Caribbean Plate. We can split the potential tsunamigenic seismic sources into two groups: on the one hand reverse fault events of the subduction interface, and on the other normal-fault outer-rise events (Satake and Tanioka, 1999) .
The reverse faulting earthquakes at the subduction interface are the most common events in subduction zones, providing the mechanism responsible for large earthquakes and tsunamis. In the study area these kinds of events are represented by the 1992 Nicaragua earthquake and tsunami (Piatanesi et al., 1996) . Although the tectonic process is the same, the characteristics of the Central American subduction seems to promote the generation of tsunami earthquakes. The characteristics of this kind of earthquakes are the slow rupture velocity, the long duration, the shallow dipping thrust fault and the shallow focus (Pelayo and Wiens, 1992; Okal and Newman, 2001; López and Okal, 2006; Okal and Borrero, 2011) . The analysis of the Nicaragua 1992 earthquake confirmed this earthquake as a slow tsunami earthquake Imamura et al., 1993; Satake, 1994; Velasco et al., 1994) in a subduction interface with low rigidity (Satake et al., 1993; Piatanesi et al., 1996) .
The normal-faulting outer-rise earthquakes are less frequent globally, but have also been responsible for damaging tsunamis in the past (Fujii and Satake, 2008; Gusman et al., 2009; Satake et al., 1992) . These events are particularly common in low coupled subduction zones, as is the case of the Central American subduction (Pacheco et al., 1993; Guzmán-Speziale and Gómez-González, 2006; Lyon-Caen et al., 2006; Álvarez-Gómez et al., 2008) , and have been recently studied in the area by Álvarez-Gómez et al. (2012) . To simulate these normal outer-rise events we used tsunamigenic sources proposed by Álvarez-Gómez et al. (2012) . For the subduction interface events we have defined new potential sources taking the 1992 Nicaragua event as a model. To define the tsunamigenic seismic sources, the parameters of spatial location, orientation (strike and dip) and dimensions of the fault are needed, in addition to the seismic rupture characteristics: rake and average slip. In order to define the location and maximum rupture length we analysed the morphology of the subduction trench to constrain a possible segmentation of the subduction zone.
The complete rupture of the subduction interface from Nicaragua to Chiapas seems unlikely given the low coupling of the subduction (Pacheco et al., 1993; Franco et al., 2012) and the lack of historical records of major events in the last six centuries (Fernández, 2002) for a subduction rate of about 70 mm yr −1 (DeMets et al., 2010) . We define as a segment rupture the 1992 Nicaragua event of magnitude M W = 7.7 and we divided the rest of the subduction interface into three parts. The boundaries between segments have been established based in geomorphological features. We defined a segment for the Chiapas region (Chiapas Thrust, CT), from the subduction of the Tehuantepec ridge to the subduction of a bathymetric feature clearly visible in the bathymetry as a continuation of the Siqueiros fracture zone (Manea et al., 2005) . From this point to the submarine canyon of San Jose, we define another segment (Guatemala Thrust, GT). We have taken the San José submarine canyon as a possible reflection of an irregularity in the upper plate lithosphere, also accompanied by a change in the orientation of the trench. Finally, from this limit and to the Gulf of Fonseca, which acted as a barrier for the 1992 Nicaragua event, we have defined the segment of El Salvador (El Salvador Thrust, EST). Imamura et al., 1993; Satake, 1994; Piatanesi et al., 1996) , (b) 21 February 1996 Peru (Heinrich et al., 1998) , (c) 15 June 1896 Sanriku (Tanioka and Satake, 1996) , (d) 20 October 1963 Kuril (Beck and Ruff, 1987) , (e) 10 June 1975 Kuril (Pelayo and Wiens, 1992) and (f) 1 April 1946 Aleutian Islands (Johnson and Satake, 1997) .
From the subduction segmentation (Fig. 1b) we obtained the strikes of the sources and the maximum lengths for the different event ruptures. The width of the fault has been obtained from a maximum rupture depth of the subduction interface and its dip. The maximum rupture depth has been set to 20 km, a reasonable limit given that the event of Nicaragua in 1992 had a maximum depth of rupture of 14 km, while the dip chosen was 16 • , the same as the Nicaragua event. These data are consistent with the recent M W = 7.3 subduction event of 27 August 2012 off the coast of El Salvador. The rupture took place in the first 20 km of the subduction interface with a dip of 16 • as shown in the finite-fault model of Hayes (2012) .
To obtain the maximum magnitude from the source dimensions, global empirical relationships are often used. Recently there have been studies that use data from earthquakes in subduction zones to define these relationships (Blaser et al., 2010; Strasser et al., 2010) . We used the relation of Strasser et al. (2010) which relates the rupture area (A) at the interface with the magnitude of the event:
If we plot this relation and the data from historical tsunami earthquakes, we can see a reasonable agreement between them (Fig. 2) , especially for the 1992 Nicaragua event. From this moment magnitude and using the relationship of Hanks and Kanamori (1979) , we obtain the seismic moment:
If we define the seismic moment as (Kanamori and Anderson, 1975 )
where µ is the rigidity,D the average displacement and S the rupture area, and assuming a low rigidity of 20 GPa in the Central America subduction interface, then we can obtain the average slip for each maximum event of the subduction interface. Table 3 shows the parameters obtained for the tsunamigenic sources of the subduction interface; all have been taken as pure reverse faults.
Numerical modelling
We used the C3 numerical model (Olabarrieta et al., 2011) for this work. This model solves the linear and non-linear shallow water equations (NSWE) combining the COMCOT model (Liu et al., 1995) and Tsunami-Claw (George, 2008 ). The C3 model was developed in the Environmental Hydraulics Institute of the University of Cantabria, and it has been validated using theoretical events, laboratory data and real events during the project TRANSFER (Tsunami Risk and Strategies for the European Region) (see Olabarrieta et al., 2011 , for more details). The COMCOT model, on which the wave propagation part of the C3 model relies, has been used extensively (Liu et al., 1994 (Liu et al., , 1995 Liu, 2006, 2005) . Different grids can be nested to obtain an adequate resolution for the wave simulations in deep ocean and onshore conditions, optimizing the computational calculation times. The nesting of grids is done in both directions, interpolating both time and space. The model includes flooding and drying as well, which is fundamental for computing the maximum inundation (run-up). In a Cartesian coordinate system the NSWE can be expressed as follows:
Mass conservation equation:
Momentum conservation equations:
where ζ is the free-surface elevation above mean sea level; x and y represent the longitude and latitude of the earth; τ x and τ y are the bottom shear stress on the x axis (pointing to the east) and the y axis pointing to the north; P and Q stand for the volume fluxes (P = H u and Q = H v with u and v being the depth-averaged velocities in the longitude and latitude direction); H is the total water depth (H = h + ζ ), with h being the water depth; f represents the Coriolis parameter; and g is the acceleration due to gravity.
Initial and boundary conditions for the simulated events can be introduced defining a fault model, in the case of a seismic source, or defining a seafloor deformation. The seafloor deformations from the local seismic tsunamigenic sources, defined as single rectangular ruptures, have been modelled with the Okada (1985) equations included in the C3 model. The seafloor deformations of the far field sources, defined as slip variable ruptures, have been computed by means of the Okada (1992) equations implemented in the program Coulomb 3.3 (Toda et al., 2011) , developed on Matlab.
We used several data sources to build the bathymetric grids for the propagation and flooding numerical models: the (1) Gebco_08 (GEBCO, 2008) bathymetry database, (2) digitized bathymetric charts in near-shore areas and (3) highresolution bathymetric data from hydrographic surveys. For the topography we used a digital terrain model (DTM) with a cell size of 10 m provided by the Ministry of Environment and Natural Resources of El Salvador. This DTM was obtained originally from the digitalization of 1 : 25 000 maps. These data have been merged and six regular grids have been elaborated, included in four nested levels (Table 4, Fig. 3 ).
Numerical model validation
Our numerical model uses the COMCOT model (Liu et al., 1995) for the wave propagation. COMCOT has been widely used, being one of the most reliable tsunami simulation codes. Roshan et al. (2013) recently studied the performance of COMCOT and JNES (Japan Nuclear Energy Safety Organization) models comparing the simulation results with the DART records for the recent 2011 Tohoku-Oki event. They conclude that both codes show adequate predictions in terms of wave heights, but with the COMCOT model being more accurate (Fig. 4 ) than the JNES model. Tsunami travel time estimates by COMCOT are closer to observed times than the ones by JNES (Fig. 4) , and the frequency content of waves is also adequately represented. In general, the COMCOT model accurately reproduces the observed maximum wave heights, travel times and wave periods for tsunami wave propagation. The greater differences between the model and the observations can be seen in the predictions for the DART buoys nearest to the tsunami source. This is probably due to the importance of the source details in the near field. The earthquake rupture details are probably not well represented in the finite sources used in the models.
Results
The objective of the research was twofold: on the one hand the characterization of the threat over the entire coast of El Salvador, and on the other the computation of flooding maps for the three main localities of the Salvadorian coast. For the later we developed detailed flooding models. For the former, due to the extension of the coastal area, we computed maximum elevation maps and from the elevation in the near shore we computed an estimation of the run-up and the flooded area using the Synolakis (1987) relations adapted to El Salvador (a similar approximation was used for the state of California; Eisner et al., 2001; Barberopoulou et al., 2011) . As described above, 24 tsunami scenarios from different seismic sources at different locations that could impact the study area have been defined. Instead of presenting the set of maps produced for each scenario, we have elaborated aggregated maps, which means that they combine results of all the considered scenarios into one unique map. In this map each variable has a value on each point of the grid. That value usually is chosen to be the maximum of all the values obtained from the numerical simulations. This type of maps allows for graphically representing the worst condition on every point in one unique map.
Hazard map at national scale
The following variables are represented in the tsunami hazard map for El Salvador (Fig. 5) for the whole coast: maximum wave elevation (MWE) in the sea (metres), using the equinoctial highest tidal level as reference (2.0 m); run-up (m), defined as the maximum topographic elevation reached during flooding, represented with vertical bars all along the coast; minimum tsunami travel time (min) and maximum flooding area as the maximum limit of flooding by tsunami onshore.
In this case the maximum flooding has been obtained applying the empiric formulation of Synolakis (1987) to obtain the run-up from the wave elevation computed with the C3 model at the near shore with the breaking wave criteria of Gjevik and Pedersen (1981) . These punctual values at the coast have been used to generate a run-up grid with a nearest-neighbour interpolating algorithm. Subtracting the topography from this grid we obtain an estimated flooded area on those cells with positive values. This approximation has been used in a similar way previously (Eisner et al., 2001; Barberopoulou et al., 2011) .
As can be seen in Fig. 5 the MWE obtained near the shore ranges from 1 m in the area of La Unión and the Gulf of Fonseca to more than 3 m in the area of the Lempa River delta and Acajutla-Barra de Santiago.
The maximum run-up values are obtained in the area of Acajutla, La Libertad and two locations near the Gulf of Fonseca: Playa el Cuco and Punta Amapala. In these locations run-up values higher than 6 m are expected, with a maximum of 7.2 m at La Libertad. At the western Salvadorian coast, run-up values higher than 5 m are common, while in the eastern area, approximately from La Libertad to the Gulf of Fonseca, the run-up values are lower.
The more exposed areas to flooding are the lowlands in the Lempa River delta and Barra de Santiago. These are marshy areas and lagoons behind low-relief coastal sandy bars. In Fig. 5 the maximum flooded area estimation is shown. When the friction is taken into account, as in the local flooding models simulated, the run-up distance, and thus the flooded area, is lower. The area where the waves are expected to reach in the shortest time is that of Punta Remedios and Los Cobanos beach; where the minimum tsunami travel time is 25 min; for the rest of the country the minimum tsunami travel time is around 30 min, increasing towards the east with values of 45 min near the Gulf of Fonseca and more than 1 h inside the gulf.
Local flooding maps
Four types of map have been generated for each location: (1) maximum wave elevation map, (2) maximum flood depth map, (3) maximum current speed and (4) person (or human) instability hazard map. In order to calculate the worst-case scenario, as it is a deterministic study, the equinoctial highest tidal level on each area has been considered: +2.0 m at La Libertad and Acajutla, and +3.0 m at the Gulf of Fonseca. For the local maps the flooding has been computed using the C3 model. From the maximum depth and maximum current speed on each scenario we computed the flood depth-flood current speed product. This product is used to estimate the human instability hazard and is classified in levels (Jonkman et al., 2008) according to a semaphore criterion.
Acajutla
The area of Acajutla-Barra de Santiago is characterized by two distinct zones. In the western and central parts the relief is very low and lagoons and marshes are common, while in the eastern edge the coast is steeper. This produces greater flooding areas in the west, while towards the east the flooding area is smaller but the flood depth and person instability hazard is greater (Fig. 6) .
Maximum water elevations of 4 m are widely produced along the coast, and maximum values of ca. 8 m are reached south of the port of Acajutla, where a fuel storage area is situated. In the marshy area towards the El Salvador-Guatemala boundary, MWEs of 5 m are reached.
The coast from the port of Acajutla towards the west can be affected by severe flooding with depths of 2 m and high current speeds due to its closeness to the coast. In this populated area the person instability hazard is high and the potential evacuation routes scarce.
La Libertad
In the area of La Libertad the MWE is greater than 3 m, and in the pier area more than 4 m is reached (Fig. 7) . Towards the west, where the coast is steeper and rocky, MWEs of 5 and 6 m can be generated.
Flood depths of 4 m are frequent, and the flooded area is considerable, especially in the east of the municipality. Here, the coastal plain between the beach and the hills, an area of tourism that is being developed, is completely flooded.
The person instability hazard is very high due essentially to the closeness to the coast. High depths and current speeds makes this zone very dangerous in the case of a tsunami. 
Gulf of Fonseca -La Unión
The Gulf of Fonseca is a great extension of shallow water and marshy coasts with small islands inside. This is Honduras' only section of Pacific coast, shared with El Salvador towards the west and with Nicaragua towards the east. Inside the gulf the impact of the waves is almost negligible, with an MWE of around 1.5 m in the worst cases (Fig. 8) . In the area of La Unión, an important port for El Salvador, an MWE of 1 m is reached in the worst cases.
Due to the low impact of the tsunami waves inside the Gulf of Fonseca, the person instability hazard in the area is generally low. The tsunami travel time is greater than 1 h, being 90 min for the port of La Unión.
Discussion
We used an empirical approximation for the whole country in order to obtain an estimated flooding area. The Synolakis (1987) relations with the breaking wave criteria of Gjevik and Pedersen (1981) have been used. We can compare the flooding areas obtained through the empirical formulation, with the flooding areas obtained with the numerical models in the local grids (Acajutla, La Libertad and the Gulf of Fonseca). The results of the empirical approximation are similar to the results obtained with the numerical modelling. The flooding areas obtained with the Synolakis (1987) empirical relations are a bit more conservative (more flooding) than the flooding areas obtained with the flooding models. This is basically due to the fact that the numerical model includes turbulence dissipation (tsunami wave breaking) and bottom friction, and thus being more realistic. In any case the empirical results seem to be good enough to obtain a preliminary, or a countrywide, tsunami hazard estimation.
The maximum estimated run-up (countrywide) in La Libertad (7.2 m, Fig. 5 ) is a bit higher than that obtained with the flooding models (∼ 6 m, Fig. 7 ). In the area of Acajutla and the western plains, the estimated run-up is ∼ 5 m, which correlates well with the obtained flooding with the numerical models (Fig. 6 ). In the Gulf of Fonseca the run-up values are lower than 2 m (Fig. 5) , which is coherent with the results obtained in the numerical models (Fig. 8) . It could be convenient to develop new numerical simulations for the Lempa River delta, which is the area of the country with most extensive flooding, in order to constrain the validity of our estimations.
In the area of Acajutla there are some aspects related to the exposure to tsunamis that should be taken into account in future urban planning and in the adoption of tsunami hazard mitigation measures. An important impact can be expected in the area south of the Acajutla dock; here MWE greater than 6 m are possible. This area is where fuel is mainly stored and special care should be taken. To the west of Acajutla there is an important extension of tourism resorts and holiday residences, in addition to a protected environment area. This zone is widely flooded in our models and there possibilities of evacuation routes are scarce. This area was already affected by a destructive tsunami in 1902, possibly due to a local source (Lardé y Larín, 2000; Fernández, 2002; Álvarez-Gómez et al., 2012) .
La Libertad is an important tourism centre. Due to its closeness to San Salvador, the capital city of the country, La Libertad is a very busy location on weekends and holidays. Its configuration on a strip parallel to the coast and the closeness to the beach of some resorts and houses makes this area very vulnerable. Moreover, the computed values of person instability hazard are very high, stressing the necessity of good evacuation plan and mitigation measures.
The flooding maps of this study are a key tool for the authorities in order to define exposed areas on each zone. The planning for mitigation measures and decision making at a local level must be done using these deterministic highresolution maps. These maps have been introduced to the Ministry of Environment of El Salvador, as well as to Civil Protection Council of the Republic of El Salvador and to the local authorities at Acajutla, La Libertad and La Unión.
Conclusions
The tsunami hazard for El Salvador has been evaluated through the use of deterministic worst-case scenarios from 24 sources.
A countrywide hazard map for El Salvador has been developed. This map is an aggregated map from the maximum values (minimum values in the case of tsunami travel time) of the worst-case scenarios, showing MWE; minimum tsunami travel times; and estimated maximum run-up and estimated flooding areas, with both estimations based on the Synolakis (1987) relations.
Aggregated maps of MWE, minimum tsunami travel time, flooding depth and human instability hazard have been produced for the three main localities of the Salvadorian coast through high-resolution tsunami flooding numerical models. These aggregated maps are useful tools for urban development and mitigation measures planning.
At the western Salvadorian coast, run-ups higher than 5 m are common, while in the eastern area, approximately from La Libertad to the Gulf of Fonseca, the run-up values are lower. The maximum run-up values are above 6 m in Acajutla, La Libertad and near the Gulf of Fonseca. The more exposed areas to flooding are the lowlands in the Lempa River delta and the Barra de Santiago western plains (Fig. 5) .
The coast from the port of Acajutla towards the west can be affected by severe flooding with depths of 2 m and high current speeds due to its closeness to the coast (Fig. 6 ). In this populated area the person instability hazard is high and the potential evacuation routes scarce.
In La Libertad flood depths of 4 m are frequent, and the flooded area is considerable, especially in the east of the municipality (Fig. 7) . Here, the coastal plain between the beach and the hills, an area of tourism that is being developed, could be completely flooded.
Inside the Gulf of Fonseca the impact of the waves is almost negligible, with an MWE of around 1.5 m in the worst cases (Fig. 8) . In the area of La Unión, an important port for El Salvador, MWE of 1 m are reached in the worst cases.
The results of the empirical approximation (countrywide) are similar to the results obtained with the numerical modelling. The flooding areas obtained with the Synolakis (1987) empirical relations are a bit more conservative (more flooding) than the flooding areas obtained with the flooding models. The empirical results seems to be good enough to obtain a preliminary tsunami hazard estimation.
It could be convenient to develop new numerical models for the Lempa River delta, which is the area of the country with more extensive flooding, in order to test the validity of our estimations.
In the areas of Acajutla and La Libertad there are some aspects related to the exposure to tsunamis that should be taken into account in future urban planning and in the adoption of tsunami hazard mitigation measures. Both are tourism centres being actively developed with areas that can be impacted by major tsunami flooding. In the case of Acajutla, evacuation routes could be difficult to implement due to the physiographic features of the western plains, with barriers, lagoons and marshes.
